Carcinoma cells found in the blood of cancer patients are predictors of metastatic progression and may guide treatment decisions. Most of the current strategies for detecting circulating tumor cells (CTC) are based on the epithelial markers epithelial cell adhesion molecule and keratin; however, evidence is accumulating that in certain tumor types, these epithelial markers are downregulated during tumor cell dissemination, hampering the detection of CTCs. This short review discusses the implications of the cellular changes of tumor cells during the metastatic cascade on CTC diagnostics. Cancer Res; 73(1); 8-11. Ó2012 AACR.
Background
Cancer-related death is in general the consequence of tumor cells spreading from the primary tumor and forming metastases in resident organs (1) . In routine cancer diagnostics by histopathology and high-resolution imaging technology, it remains unclear whether early tumor spread has taken place until the manifestation of overt metastasis. Therefore, administration for systemic adjuvant therapy for cancer metastasis intervention is presently based on personal statistical risk, resulting in overtreatment of many patients. A novel method to estimate the risk for metastatic relapse or progression is the detection of circulating tumor cells (CTC) in cancer patients' blood by immunocytochemical or molecular assays (2) . These assays might also be used to monitor the effectiveness of administered systemic therapy in real-time (3); however, it has come to attention that some patients, although negative for CTCs, still develop metastasis. Moreover, a significant fraction of patients with overt metastasis (in particular, in the brain) have surprisingly low CTC counts. One of the explanations is that some CTCs that are capable of forming metastasis escape the current detection methods and remain undetected. In this article, we will review the presently used methods and challenges for identifying CTCs and discuss the future perspectives in relation to cancer biology.
Current principles of CTC detection
To detect the few rare malignant cells in several milliliters of blood containing billions of red blood cells and tens of millions of leukocytes, extremely sensitive and specific methods are required that are able to process the large amount of cells in a relatively short period of time. Most detection assays are preceded by enrichment steps that generally involve removal of red blood cells by density-gradient centrifugation or erythrocyte lysis, followed by immunomagnetic bead or immunofluorescence-based separation of mononuclear cells. Parting the tumor cells from the leukocytes is usually conducted by positive enrichment for epithelial cells using the commonly used surface marker epithelial cell adhesion molecule (EpCAM), or by negative depletion of hematopoietic CD45 positive cells. Other techniques for CTC enrichment or isolation make use of size, density, electric charges, or deformability and have been outlined elsewhere (4) . A final verification for CTCs is usually conducted by the identification of protein or mRNA expression of keratins (formerly known as cytokeratins). Hence, many of the currently used techniques to detect CTCs, including the U.S. Food and Drug Administration cleared CellSearch System, make use of the epithelial cell markers EpCAM and keratins, combined with the criteria of CD45 negativity and having a cell nucleus. Lately, however, these criteria have become a point of discussion: although the prognostic value of EpCAM/keratin positive CTCs has been proven, it is nevertheless the question whether more cells with metastatic potential can be detected by other or a broader range of markers.
Biology of tumor cell dissemination
Not all invasive tumors will lead to the formation of metastasis (5). The understanding on how and which tumors might give rise to metastasis has increased enormously in the last decade but still lacks much specificity. The first step that marks the metastatic cascade is the invasion of surrounding tissue by individual or small clusters of tumor cells (6) . To migrate, carcinoma cells have to lose several of their epithelial characteristics that bind them to surrounding cells and the basement membrane. This requires for changes in cell adhesion, activation of proteolysis, and acquiring motile properties. After local invasion, the next step of the metastatic cascade is entrance of the lymphatic system or blood circulation (intravasation). A large number of cells enter the bloodstream of cancer patients continuously, but most cells are dead, apoptotic, die as a consequence of shearing force or anoikis, or are eliminated by the immune system. The small proportion of CTCs that survives and are capable of leaving the bloodstream can either extravasate foreign tissue or reenter the primary tumor site (self-seeding; ref. 7) . Finally, the disseminated tumor cells grow out to form a metastasis, die, or remain dormant for many years.
The consequence of EMT for CTC detection
The dedifferentiation program epithelial-mesenchymal transition (EMT) is thought to be responsible for the first step in the metastatic cascade and allows cells to become motile (8, 9) . During this process, epithelial markers such as cell adhesion molecules and tight junctions (e.g., E-cadherin) are downregulated to lose cell-cell contact. EpCAM is expressed in healthy individuals on most epithelial cells, making it the best known epithelial cell surface marker. The protein is able to mediate homophilic adhesive interactions and would, therefore, prevent cell scatter. Concordantly, it has been shown that downregulation of EpCAM is required for breast cancer invasion, which takes place during EMT (10). However, contradictory to this are EpCAM expressing pancreatic cancer cells that have an increased tumorigenic potential compared with EpCAM negative pancreatic cancer cells (11) . In other cancer types, the expression of EpCAM can be related to oncogenic, tumor suppressing, or even both phenotypes, suggesting that the role of EpCAM in tumor promotion is dependent on tumor type and/or the metastatic environment and a more sophisticated enrichment method for CTCs is required and possibly independent from EpCAM.
Another noticeable feature of EMT is the reorganization of the cytoskeleton by changes in intermediate filaments to improve cell motility. Keratins are a large family of intermediate filaments and are primarily present in epithelial cells. Intermediate filaments normally extend through the cytoplasm to provide tensile strength to cells and collaborate to cell-cell adhesion by interaction with desmosomes. The expression of specific keratins is tissue-and differentiation state-dependent; most adenocarcinomas and epithelial cancers originating from glandular tissue express K8, K18, and K19. Therefore, keratins are frequently used for histotyping carcinomas to aid the selection of the most appropriate treatment plan, and currently, to specifically identify CTCs/disseminated tumor cells (DTC). A point of discussion in using keratins for detecting CTCs is that several of the keratins are often downregulated in high-grade breast carcinomas. Moreover, it is speculated that keratin expression changes during EMT (10, 12) . In a recent study, we have seen that keratin expression in lymph node metastasis is frequently altered compared with the corresponding primary breast carcinoma. However, it was noticeable that not all keratins were downregulated and with a cocktail of antibodies against a broad range of keratins, carcinoma cells can still easily be detected as well as a higher number of CTCs in metastatic breast cancer patients as compared with the conventional used keratin antibodies (12) .
From CTC detection to MIC identification
Although some prognostic information can already be obtained by the detection of EpCAM/keratin-positive CTCs alone, further improvement can be made in the field of CTC diagnostics to determine the precise metastatic risk in individual cancer patients. First of all, it is debated whether the EpCAM/keratin-positive CTCs may or may not have any metastatic potential because of their lack of apparent plasticity. It is thought that epithelial cells undergo EMT to become motile and invade the surrounding tissue (8) . Therefore, it might be speculated that tumor cells that apparently did not underwent EMT, and still express EpCAM and keratin immutably, have detached from the primary tumor and entered the bloodstream via a passive process. Several models have been postulated explaining the migration of tumor cells through the surrounding tissue (13) . It is plausible that tumor cells, after EMT, generate a proteolytic microtrack to migrate along which trailing epithelial cancer cells can follow (Fig. 1) . Consequently, both (semi)-mesenchymal and epithelial cancer cells enter the blood stream. It has been shown that the cells with an increased epithelialmesenchymal plasticity and mobility are cancer stem cells (CSC) that initiate the growth of the primary tumor (14) . It is, therefore, likely that the so-called metastasis-initiating cells (MIC) arise from circulating CSCs with an EMT phenotype (15) . Thus, the current assays focused on epithelial markers downregulated during EMT (e.g., EpCAM and keratins) might be only surrogate markers of the presence of MICs but may not detect MICs themselves. This would explain why the current assays based on epithelial markers can be used as biomarkers but nevertheless, they might fail to provide meaningful information on those tumor cells (MICs) that are the most relevant targets of therapeutic interventions. Future studies using CTC assays that detect (semi)-mesenchymal CTCs that underwent an EMT will test this provocative hypothesis in the context of targeted therapies.
The next important aspect of epithelial-mesenchymal plasticity is the switch from EMT to MET, leading to the final steps to colonization of distant organs. Recent studies indicated that EMT can suppress major attributes of human epithelial tumorinitiating cells and concluded that the dynamic interactions among epithelial, self-renewal, and mesenchymal gene programs determine the plasticity of epithelial tumor cells (16) . Thus, CTCs "frozen" in an epithelial or mesenchymal state might be less "dangerous" than tumor cells with a high plasticity that are able to switch between EMT/MET depending on certain conditions such as (re-)expression of E-cadherin or EMT-inhibitory miR-200s that are important for the initiation of metastatic relapse (17) (18) (19) (20) . Future CTC assays might, therefore, need to identify tumor cells with the highest degree of plasticity. Current methods to detect MICs that are under investigation make use of stem cell markers such as CD44, CD24, CD133, and ALDH-1; still, not even stem cell-like CTCs might survive the systemic circulation that is essential for homing to distant organs. For such reasons a technique called EPISPOT has been developed that is able to detect viable cells without selecting for EpCAM-positive cells but using excreted proteins such as keratin 19, MUC1, and prostatespecific antigen (PSA) as tumor marker for CTC detection. Using this technology, the release of the stem cell growth factor FGF-2 of PSA-secreting CTCs from prostate cancer patients could be detected (21) . In the future, it will be important to develop more functional assays to decipher the biology of CTCs.
Another issue of discussion regards the time point at which tumor cells leave the primary site and infiltrate the body. This is clinically very important as MICs released at early stage might develop independently from the primary tumor exhibiting different properties such as therapy responses. On the other hand, late-stage dissemination might implicate the chance of systemic overtreatment prevention of cancer patients that underwent primary surgery at an early stage of tumor development when tumor cells have not invaded the body yet. The discussion about early or late stage dissemination is based on 2 main models that explain the progression of primary cancer to the metastatic stage by tumor cell dissemination (22) : the linear progression model describes a stepwise progression of multiple rounds of genetic mutations, epigenetic changes, and selection for competitive fitness. After a significant number of such rounds, cells might be able to infiltrate, to proliferate autonomously, and to form metastases in distant organs. On the other hand, the parallel progression model concludes that tumor cells are released at an early state of cancer progression and that primary tumor and metastasis grow in parallel, long before the first symptoms of cancer appear. In favor of the later model is the growth rate of cancer leading to the size of metastases that remain unexplained with late stage dissemination. Early dissemination has been confirmed in recent studies in which viable CTCs could be detected in patients with DCIS (23) and benign colon diseases (24) , and in a mouse model for pancreatic cancer even before an overt malignant tumor became detectable (25) . Nevertheless, CTCs detected at early stage might not have metastatic potential yet and indeed studies conducted on pancreatic tumors showed that MIC clones developed only at late stage (15, 26) . Furthermore, most DTCs detected in bone marrow of cancer patients are Ki67-negative (i.e., nonproliferating; ref. 1) and proliferation is required to acquire mutations and pass them on to the daughter cells. Nevertheless, a snapshot analysis of DTCs may not exclude that proliferation of these cells occurs at a low rate and metastasis formation in patients can take many years. 
